Abstract. Interest in nuclear data uncertainties is growing robustly after having languished for several years. Renewed attention to this topic is being motivated by the practical need for assuring that nuclear systems will be safe, reliable, and cost effective, according to the individual requirements of each specific nuclear technology. Furthermore, applications are emerging in certain areas of basic nuclear science, e.g., in astrophysics, where, until recently, attention has focused mainly on understanding basic concepts and physics principles rather than on dealing with detailed quantitative information. The availability of fast computers and the concurrent development of sophisticated software enable nuclear data uncertainty information to be used more effectively than ever before. For example, data uncertainties and associated methodologies play useful roles in advanced data measurement, analysis, and evaluation procedures. Unfortunately, the current inventory of requisite uncertainty information is rather limited when measured against these evolving demands. Consequently, there is a real need to generate more comprehensive and reasonable nuclear data uncertainty information, and to make this available relatively soon in suitable form for use in the computer codes employed for nuclear analyses and the development of advanced nuclear energy systems. This conference contribution discusses several conceptual and technical issues that need to be addressed in meeting this demand during the next few years. The role of data uncertainties in several areas of nuclear science will also be mentioned briefly. Finally, the opportunities that ultimately will be afforded by the availability of more extensive and reasonable uncertainty information, and some technical challenges to master, will also be explored in this paper.
INTRODUCTION
Interest in nuclear data uncertainties has resurged recently after a lull of over a decade. This is due in large part to the growing need in several application areas for quantifying nuclear system uncertainties. This conference contribution examines several issues associated with the generation and utilization of nuclear data uncertainties in applications. This is not intended to be a comprehensive and impartial review paper. Rather, this author aims to share with readers some personal -and occasionally provocative -thoughts and opinions on this subject. A relatively nontechnical, informal style is employed with the hope that this results in a text that is readable, enjoyable, and informative. No attempt is made to provide an extensive list of references. The paper begins with a brief glimpse at the history of this subject to offer the perspective needed to support speculation about future directions. Underlying motivations for considering nuclear data uncertainties are explored next. Conceptual issues are then discussed followed by a similar examination of a few technical matters.
Finally, the role of nuclear data uncertainties in some application areas is addressed very briefly. This is followed by a few thoughts about the future impact of data uncertainties in nuclear science.
HISTORICAL PERSPECTIVE
The use of statistical methods to analyze data and to quantify data uncertainties has a long history dating back several hundred years to the times of Laplace and Gauss. However, more "modern" approaches, i.e., ones that use correlated data, covariance matrices, and sophisticated least-squares techniques, began to have a noticeable impact in the nuclear data field during the early to mid 1970s [1] . Poenitz described this as passage from the "Age of Darkness" into the "Age of Enlightenment" [2] . It is informative to tally the number of papers that explicitly address the topic of uncertainties in proceedings from the Nuclear Energy Agency (NEA) conference series entitled "Nuclear Data for Science and Technology" to which the present conference belongs. Table 1 actually reflects the general experience of applied nuclear science for nearly 30 years as well as the concurrent history of data uncertainties and their various applications in nuclear science.
One of the earliest fields to include uncertainties in system analysis was reactor dosimetry, especially the surveillance of fission reactor pressure vessels for radiation damage [3] . Nuclear scientists had been challenged to develop more rigorous mathematical procedures than those in common usage at the time. Their chosen solution was to apply the generalized least squares technique. The expression "covariance matrix" began to appear with some regularity in the applied nuclear science literature about this same time. Nuclear data evaluation is another area that began to benefit from these methods during this period. Again, the challenge was to move beyond contemporary methods that were usually ad hoc and often strongly influenced by evaluator prejudice. Instead, evaluators began to apply statistical procedures that were capable of utilizing all the available information, both experimental and theoretical, in more effective and less biased way. Interest in data uncertainties and their role in applied nuclear science really blossomed in the late 1970s and early 1980s, during which time many of the methods currently in use were developed. The impressive number of papers on the subject that were presented at the NEA conferences from 1979 to 1985 may in part reflect the desire of authors to document the various methodologies and codes that were developed during this period. After flourishing for several years, activity this field began to dwindle by the late 1980s. It did not die away completely as Table 1 demonstrates. Since the turn of the century (2000), effort in this field appears once again to be on the upswing. This renaissance of interest in and respect for a potentially fruitful area of research in nuclear science is indeed well deserved.
We shall now have a brief look at the social, political, and economic events that have impacted strongly on the evolution of R&D in the field of nuclear data uncertainties. During the early 1970s most of the world's societies were receptive to the notion of peaceful applications for nuclear energy. Petroleum seemed to be in short supply and the security of energy sources was gravely in doubt. An "energy crisis" was at hand. Nuclear power seemed to offer the possibility of ample energy for thousands of years, based on proven fission reactor technologies (with fuel reprocessing), and for the indefinite future if controlled thermonuclear fusion could be achieved. R&D budgets were generally adequate and many nuclear power plants were being constructed and deployed around the world. Following the nuclear accident at Three Mile Island (USA) in 1979, the ardor for nuclear energy cooled substantially and the public in the USA and many other countries began to have reservations about the safety and long-term viability of nuclear power. The 1986 accident at Chernobyl in Russia dealt a devastating blow to the nuclear energy field. During these years concern about the proliferation of nuclear materials to produce weapons also grew. Research budgets for fission reactor R&D declined. Power plant construction eventually slowed to a virtual standstill, especially in the USA. Since it was viewed as a potentially "safe" alternative, more attention began to be focused on fusion energy as an alternative. This led to generous sponsorship of nuclear data research directed toward this technology, especially in Japan. However, interest in nuclear data uncertainties for fusion power applications has been rather lackluster, partially because of a realization that the harvesting of practical benefits from fusion probably lay far in the future. Furthermore, plasma physics problems seemed to present the greatest impediment to controlled fusion energy; research on plasma-related topics thus took precedence over nuclear topics.
By the late 1990s a renewed interest in nuclear data issues, including data uncertainties, emerged as a consequence of the inevitable need for attention to matters of criticality safety and nuclear nonproliferation. Societies in many of the developed countries had slowly begun to accept the fact that, in spite of technical challenges, nuclear power must play a substantial role in the world's energy future.
On the other hand, in most developing countries nuclear energy has been viewed consistently as an essential ingredient in fostering their continued development and quest for higher living standards for rapidly growing populations. This hunger for "safe" and "economical" energy sources in the face of obviously limited fossil fuel resources has stimulated research into novel fission reactor designs, advanced reactor fuel cycle concepts, and the possibility of using sub-critical, acceleratordriven fission energy systems (ADS) for energy production and nuclear waste burning. Urgent concerns over nuclear weapons proliferation and international terrorism have emerged in the post Cold War era; this too has stimulated applied nuclear research. Nuclear power must be safe, cost effective, and politically manageable; if this can be achieved, then public acceptance is likely to follow in time. A confluence of these political and economic factors stimulated renewed attention to nuclear data uncertainties and related methods. It must now be verified that this area of investigation will contribute beneficially to the long-term development of the nuclear energy option.
MOTIVATIONS
It is important to take a closer look at the underlying motivations that are stimulating research in the area of nuclear data uncertainties. Data uncertainty reflects our inability to determine the "truth" about Nature exactly. We can only seek to minimize these uncertainties and their negative impact on our technical endeavors. Thus, the principal motivations for understanding uncertainty and developing methods that apply the tools of statistics stem mainly from practical considerations. These can be summed up by the "big three" motivators: "safety," "cost," and "reliability." Safety: It is understandable that the public should fear nuclear energy. The power and devastation of nuclear weapons is known to all, and The Three Mile Island and Chernobyl accidents molded the attitude of an entire generation toward nuclear power. Disconcerting mishaps continue to occur from time to time at nuclear facilities and these engender negative attention by the news media. Reporters are ever ready to pander to public apprehensions, regardless of whether they are well founded or irrational. In spite of this, it appears that the public, starved for energy, is reluctantly willing accept nuclear power as an option -perhaps better expressed as "a necessary evil" -to maintain their comfortable lifestyles. At the same time, the public is uncompromising in demanding that its leaders guarantee safety, while simultaneously controlling costs, insuring reliability, and caring for the environment. This standard can be met with confidence only if the system tolerances associated with the operation of nuclear reactors are thoroughly understood. Hence, the need to consider nuclear data uncertainties is unavoidable.
Cost: In the absence of subsidies, controls, or other artificial forms of economic intervention, open marketplaces always choose the lowest cost option that will satisfy social requirements. In the case of electric power, capital and fuel costs are the paramount expenses of power generation. So, the impact of safety-related design and operating characteristics on the cost of using fission reactors for electric power generation must be well understood if nuclear power is to compete, at least in the near term, with more conventional (and perhaps less problematic) energy sources. Nuclear data uncertainties translate directly to cost uncertainties.
Reliability: The public will not tolerate unreliable energy sources. The inconvenienceseven dangers -that accompany major power interruption in societies that are heavily dependent on electricity are well recognized and much reviled. Lives of patients in hospitals are threatened, food spoils, the elderly are placed at risk during summer heat waves, and so on. Energy systems must be robust and tolerant of modest operating perturbations in order to be reliable. Once again, nuclear data uncertainties translate directly into reactor design uncertainties and therefore to potential problems in operating reliability.
Other Motivators: Experiments today are conducted largely to "benchmark" results generated by using sophisticated computational techniques involving either nuclear physics models or applied system models. Measurement procedures have become more complex and expensive to perform at a time when many relevant nuclear research facilities are aging, are being re-deployed to other fields (e.g., materials science), or, in more than a few cases, are being decommissioned, usually due to lack of adequate research funding to keep them operational. The added cost and effort involved in meeting contemporary requirements for safe operation of these research facilities adds an additional burden. There is a critical need to "squeeze" more useful information from experimental data than ever before. Statistical methods, coupled with data uncertainty information, provide powerful analytical tools to effectively merge experimental data with computational results from models, thereby leading to a better understanding of complex nuclear systems. Statistical methods are used in modern data analysis algorithms to extract fundamental information indirectly from raw data. An example is the unfolding of differential information from integral results, the merging of integral and differential data, sophisticated detector calibration schemes, etc. These techniques are also valuable in producing compilations of consistent benchmark data, by the methods of data adjustment, for use in testing evaluated cross sections. With the aid of fast computers, complex analysis algorithms become feasible and many of these incorporate data uncertainties as a means to interpret the significance of raw experimental results. Computer power has made analysis "cheap" while the high costs of labor and the operation of nuclear facilities have made experiments "expensive." The balance has tipped in favor of computation relative to measurements as a source of information. But, just how reliable are these computed results? Are the nuclear physics and system models that are currently used sufficiently well validated by observational knowledge to trust their predictions in untested domains? And, how can one quantify the uncertainties associated with results obtained purely from such modeling efforts? These are open questions with serious implications. Fortunately, modern statistical methods, coupled with uncertainty data, are providing valuable tools to investigate these critical issues in detail. Unleash Computers: Nuclear scientists are not exploiting modern computational resources to their full potential. Computers should be working 24 hours per day and 7 days per week, with no vacations! Researchers should cease trying to be clever in devising refinements to old methods that were developed when computational resources were limited. Instead, their creative instincts should be re-directed to unleashing the full potential of computers for brute force analysis. It is well known that probability distributions embody all that can be known about the relationships between physical parameters and systems. Rather than focusing on just a few moments of these distributions, researchers should be examining all details of the underlying distribution functions in multi-parameter space. Rather than using tricks to seek minima in chi-square space (often ending up with false "local" minima or encountering anomalies such as "Peelle's Pertinent Puzzle" [4] ) investigators should explore probability landscapes by brute force to make sure that nothing is missed. Traverse the "roads less traveled" and even trek off the road when need be. Dramatic progress in the future will come from breaking the shackles of many now obsolete techniques and exploiting the freedom to explore that is provided by the power of modern computers. Monte Carlo simulation offers a versatile tool for this purpose; it is encouraging to see that its power is being exploited successfully in many new areas.
CONCEPTUAL ISSUES
Bayesian Methods: Bayesian procedures offer a rigorous way to merge solid information with speculative information in a consistent manner [4] . A fine example is the merger of scattered data points for measured differential cross sections with curves calculated using nuclear models to provide better and more coherent knowledge of the cross section than could be gained by either method alone. It behooves nuclear researchers to understand the basic principles of probability and the Bayesian concept, and to apply these to their individual applications.
Address the Needs for Covariances Now: The covariance data available in contemporary evaluated files is not adequate to satisfy current needs. Data providers should generate some of this information as soon as possible. Improvements can be made later as evaluation methods are refined. If they don't do this job now, then data users will be forced to do it themselves. Their lack of expertise in this area could lead to covariance files that do not reflect the true status of nuclear data; this would be unfortunate.
TECHNICAL ISSUES
Producing Covariances: The method selected for evaluating nuclear data depends strongly on the nature, range, and quality of information available. This point is illustrated here with three plots taken from the FENDL-2.0 file [5] . Figure 1 shows results for 54 Fe(n,p). The experimental data are comprehensive and generally consistent. Thus, statistical methods can be used evaluate this cross section and produce covariances with little need for nuclear modeling. Figure 2 shows that the experimental data for 37 Cl(n,p) are sparse, confined to a limited energy range, and frequently discrepant. These data provide some indication of the cross section above 13 MeV, but there are serious discrepancies. Nuclear models must be relied upon heavily to generate the evaluation. In this situation, a Bayesian approach should be employed to merge results from nuclear modeling and experiment in a consistent manner.
This requires provision of covariance information for experimental data as well as some quantification of uncertainties in the nuclear modeling procedure. Fig. 3 implies that no relevant experimental data are available for 58 Ni(n,np). The evaluation must be based entirely on nuclear models so the uncertainties should reflect this fact. The covariance files for these three evaluations should reflect the three distinct methods used to perform the evaluations. In each case, the provided covariance information should be based on an exercise of reasonable judgment by the evaluator. Attempts to "retrofit" existing evaluated files with covariances are being undertaken, but this activity is more problematic since someone other than the original evaluator is usually forced to provide this information. It should be possible to do this as long as the individual doing the work knows how the original evaluation was performed (based on documentation). Another possible approach is to generate covariance information that is based on observing the scatter of results from independent evaluations. There is no valid excuse for failing to provide some covariance information regardless of the method used in producing the evaluation.
Other Issues: Experimenters need to provide information about the uncertainties of their experiments in a manner that enables evaluators to construct covariance matrices from the reported data. The methods are straightforward and well documented [4] . Lack of recorded information about experimental uncertainties is a huge impediment to performing reliable statistical evaluations. If unrealistically large correlations are present in covariance matrices ("stiffness"), this will hamper the ability of least-squares algorithms to alter cross-section shapes and thus limits adjustment of curves to their normalization. Finally, care must be taken to avoid corrupting the inherent information content by improper execution of covariance file processing.
APPLICATIONS
The use of covariance matrices in reactor dosimetry is well developed. A key problem is the shortage of covariance information in evaluated data files. Use of covariance information in the development of advanced reactor and fuel cycle concepts is growing rapidly [6] . Again lack of covariance information, especially for the actinides and structural materials, is an impediment. Requirements for uncertainty information by the fusion community remain poorly defined for reasons mentioned earlier, but the needs for criticality safety are urgent. Here, data are also required for lighter elements such as nitrogen, oxygen, silicon, and calcium. The importance of data uncertainties for the standard reactions is well established. Interest in nuclear data for neutron energies above 20 MeV is being motivated by accelerator-driven system (ADS) technologies. ADS systems for energy production or nuclear waste burning involve operation just short of criticality. Uncertainty as to whether a particular system might or might not be driven critical is a serious concern. Interest in data uncertainties for astrophysics is just emerging but the potential benefits are very exciting. Finally, the ongoing development of hightech neutron interrogation schemes for dealing with international terrorism and the smuggling of illicit materials is also engendering considerable interest in nuclear data uncertainties.
THE FUTURE
Knowledge of nuclear data uncertainties has evolved beyond a mere exercise in scientific discipline. The development of advanced statistical analysis methods is pointing the way toward safer, more cost effective, and more reliable nuclear energy systems. The main challenge for the future is to generate more complete files of useful covariance information, thereby enabling sensitivity studies to be performed for a wide range of technologies. First attempts should begin immediately, with refinements coming later. Continued development of new analytical methods that incorporate this information is needed. Scientists and engineers should break free from many old ways of doing business and be creative in exploiting the underutilized analytical power of modern computers. This will require time and manpower, both of which are in short supply due to funding constraints. But, if the needs are real ways to do this will be found.
